The cultivation of hybrid rice is a technology that allows for an increase in grain yield of 30% relative to the grain yield of conventional cultivars. However, the main challenge for this technology is related to seed production, which has high production costs and low seed yields. Therefore, agronomic techniques that could enhance flowering synchrony of parental lines in the field are essential for an efficient production system of hybrid rice seeds. The objective of this work was to study the effects of sowing depth, plant density and fertilization with nitrogen or phosphorus as potential techniques to increase the pollen availability in the field and, consequently, the flowering synchrony between parental lines in the production of hybrid rice seeds. The experiments were conducted during two growing seasons in the Central Region of Brazil. All of the experiments were conducted as a randomized complete block in a split plot scheme; however, the experiment with P fertilization had a factorial design. Our research allow inferring that nitrogen fertilization technique applied to the soil or foliar at the time of panicle differentiation does not affect the time of onset of flowering of rice varieties INTA Puitá CL and L106R, which are potential R lines for the production of hybrid rice. Agronomic techniques of variation in sowing depth, seeding rate and the phosphate fertilization affect the time of onset of flowering from 10 to 19 degree-days, which could represent two days in the crop cycle, for the line L106R. Such techniques constitute potential alternatives for use in hybrid rice seed production systems and could be applied in alternated blocks of R lines in the field to obtain longer periods of pollen availability in the field.
Introduction
Rice is an important component of the diet for a half of the world's population (Nascente et al., 2013; Prasad, 2011) . Moreover, the demand for rice is increasing, and it is expected that more than 116 million additional metric tons will be required in the year 2035 compared with the world rice production in 2010 (GRiSP, 2013) . Therefore, the development of technologies that result in a higher rice grain yield is necessary to meet this demand and feed the world (Akhter et al., 2007; Qin et al., 2013) . Worldwide, especially in Asian countries, the use of hybrid rice has achieved a significant increase in the grain yield compared with the use of traditional cultivars (Yadav and Srivastava, 2006; Tan et al., 2002) . According to Ravi et al. (2007) , Krishnakumar et al. (2005) and Virmani (2003) , in countries such as China and India, the use of hybrid rice raised the average grain yield by 15-30% compared with traditional methods. These countries are the world's largest producers of rice and their cultivation of hybrid rice is widespread and has been used by farmers for more than 20 years (Kim et al., 2007) . These increases in rice grain yield represent, on average, an increase in productivity from 10,000 kg to 13,000 kg ha -1 .
In the past decade, advances in the so-called super hybrid technology, obtained by performing inter species crossings (indica/japonica), has also brought further advances in grain yield of approximately 20% compared with conventional hybrids (Yuan, 2003) . These results show the full potential of hybridization and its impacts in the supply chain of rice cultivation. However, in Western countries such as Brazil, rice hybrids are not widely used by farmers. One exception is the US, where the use of rice hybrids already represents a large share in the seed market. Currently, in Brazil, the seed market of hybrid rice is approximately 9% of the rice crop area, or 111,000 hectares, and is concentrated in the state of Rio Grande do Sul, Brazil's largest rice producing state (Planeta Arroz, 2015) . Rice hybrids, which have a high yield potential and yield stability (Kempe and Gils, 2011) , can directly benefit food security, ensuring the production of a basic food for the Brazilian population and in other countries. This technology can also provide sustainability of agriculture with higher returns to farmers, allowing increasing food production per unit area.
Mainly due to the characteristics of its floral structures, rice is a largely self-pollinating crop, making it unsuitable for outcrossing, with cross-pollination rates ranging only from 0 to 6.8% (Butany, 1957) . However, some species of wild rice within the genus Oryza have outcrossing rates much higher than those of O. sativa (Oka, 1988) . Species such as O. perennis may have cross-pollination rates between 20 to 45% (Oka and Morishima, 1967) , and O. sativa f. spontanea has rates of 7 to 50% (Sakai and Narise, 1959) ; species such as O. longistaminata practically depend on outcrossing for reproduction (Virmani, 1996; Taillebois and Guimarães, 1988) . Therefore, the main challenge in the production of hybrid rice seeds is to provide conditions for allogamy to occur naturally, making the seed production system efficient and economically viable.
To enable the production of hybrid rice seeds, various activities are required, the main one being the use of male sterility. Currently, the most used male-sterility technique (MST) is cytoplasmic, which was first reported in rice by Sampath and Mohanty (1954) . With the use of male sterility, it is possible to achieve outcrossing rates that range from 5.0 to 7.5% under natural conditions (Kim et al., 2007) . Although these rates are still insufficient for commercial seed production, rates above 40% (Athwal and Virmani, 1972; Carnahan et al., 1972, Azzini and Rutger, 1982) and even higher, 53.1% have been reported (Xu and Li, 1988) .
Based on the MST technology, the production of hybrid rice seeds requires a system composed of three lines: malesterile (line A), male-fertile with the ability to maintain sterility of the line A (line B) and another, also male-fertile, with the restored capacity for fertility in line A (line R). The combination of the first two lines (A and B) produces seeds that originate from male-sterile plants (line A seeds). The cross between A and R lines produces hybrid seeds originating from fertile plants (Bragantini et al., 2001) . In order for seed production to succeed, seed A and R lines must be sowed to ensure the synchronization of the flowering of lines, encouraging cross-pollination, which is a crucial factor in the production of hybrid seeds (Mao et al., 1998) . Some techniques to synchronize the flowering of parental lines for the production of hybrid rice seeds have been studied for over 30 years, although few details, such as the application of nitrogen fertilizers, phosphate and other growth promoting chemicals, have been reported in literature (Huang et al., 1994) . In addition, other potentially applicable techniques, such as the use of different seeding depths and densities, can be studied. In general, the aim of all these agronomic techniques is to identify optimal conditions for cross-pollination (Huang et al., 1994) , which should be investigated to synchronize the timing of flowering between parental lines and to raise allogamy in the production of rice hybrid seeds.
Thus, this study tested the hypothesis that a change in rice crop management can affect the timing of the onset of flowering in the parental lines of plants. The objective of this work was to study the effect of sowing depth, plant density and fertilization with nitrogen or phosphorus as potential techniques to increase pollen availability in the field and, consequently, the flowering synchrony between the parental lines in the production of hybrid rice seeds.
Results

Sowing depth
There was no interaction between the factors for sowing depth ( Table 2) . The genotypes were different from each other, and cultivar INTA Puitá CL blossomed later than cultivar L106R. A greater sowing depth (7.0 cm) resulted in later flowering dates and differed from other depths (2.5 to 5.0 cm), which did not differ from one another. This finding shows that the deeper seeding provided a delay for the seedlings to emerge, and it reflected the late start of the flowering period.
Seeding rate
Triple interaction in seeding density was observed (Table 2) . Thus, in the 2012/2013 harvesting, the rice plants of both cultivars flowered earlier than the 2013/2014 growing season (Fig. 2) .
The cultivar INTA Puitá CL was not affected by the seeding density (Fig. 2) . On the other hand, the genotype L106R was significantly affected, and the data fit to a quadratic regression in the two years, with a reduction in the time to flowering onset with increasing plant density. These results are different from those reported by Rocha et al. (2011) , which have shown that corn hybrids display an increase in the time to flowering onset with increasing seeding density. However, our results are interesting because they indicate that it is possible to change the flowering date of cultivar L106R by using different seeding rates.
Nitrogen fertilization via soil and foliar
There was a significant isolated effect of the genotype and growing season (Table 4) . Thus, it was observed that the genotype INTA Puitá CL required a higher number of growing degree-days than did the line L106R to start flowering. N rates applied to the soil had no effect on flowering cultivars. However, at the foliar application of N, differences between genotypes and growing seasons were observed (Table 5 ). The line INTA Puitá CL had a later flowering time than did the genotype L106R. However, as in the experiment involving the application of N in the soil, the N rates applied to leaves did not affect the time of onset of rice flowering.
Phosphorus fertilization on soil and foliar
There were singular effects of genotypes and growing seasons and a triple interaction between genotypes, growing seasons and phosphorus application to the soil (Table 6) . Phosphorus fertilization did not affect the cultivation of INTA Puitá CL in either of the growing seasons ( Fig. 3) but did affect the line L106R in the two growing seasons, with values fitted to quadratic equations. In the second growing season, the equation was significant, with decreasing values at increasing doses of P 2 O 5 .
Discussion
Our results show that growing seasons had an effect in all experiments and that harvest at a higher average temperature (2012/13) likely reduced the time to reach flowering compared with that of the growing season with lower average temperature (2013/14), confirming the effect of temperature on rice flowering. These findings may have been affected by climate conditions of the experimental site. In December of the 2012/2013 growing season, during the vegetative stage of the crop before flowering, the average temperature was 29.6 °C, while in December of the 2013/2014 growing season, the average temperature was 27.8 °C. Consistent with the findings of this study, it has been - shown that lower temperatures extend (Rodrigues et al., 2001 ) and higher temperatures shorten (Walter et al., 2010; Lago et al., 2008; Tao et al., 2008 ) the flowering period of rice. Nitrogen fertilization did not affect the flowering of rice, regardless of the form of application and doses used. However, other evaluated techniques, such as sowing depth, sowing density and phosphate fertilizers in the soil, significantly affected the early flowering of the parental line L106R, showing a high potential for use in the production systems of hybrid rice seeds. Regarding the difference in results between the two parental lines, it is important to reinforce the need for individualized studies for each line that may be used because each genotype may respond differently to each technique and a good production research program of production seeds is critical to the success of the activity. Our results show that the techniques that affected the flowering of possible parental lineage R are promising when used alone or even in combination for the production systems of hybrid rice seeds. It is interesting to consider that application of pollinating lines in lines or blocks in the field could induce different times for early flowering. Therefore, the use of the techniques tested in our research can increase the amount of available pollen in the field, which would synchronize flowering and decrease the risk of the agricultural activity.
Among the techniques analyzed, the change in seeding rate between 10 and 80 kg ha -1 of seeds had the greatest impact on the flowering of line L106R. There was a variation of 19 growing degree-days, an equivalent of about three days, which, although small, can be crucial for the success of hybrid rice seed production. According to Mao et al. (1998) , if the pollinator line (R) flowers before the male sterile line (A), there is a reduction in the productivity of hybrid seeds; however, when the male-sterile line (A) flowers two to three days before the pollinator line (R), high productivity seeds are produced. These findings confirm the potential benefits of the techniques, as small adjustments in the early flowering of the parental lines can determine the productive potential of the seed production field. The development of techniques for the production of hybrid rice seed has been studied for over 30 years around the world; however, despite the progress achieved so far, the current system is still laborious, has high costs and a low seed yield. As a result, this could negatively impact the adoption of new technology with great potential to increase the production of this cereal worldwide. Thus, the continuation of efforts in this field of science, whether public or private, is essential for major breakthroughs.
Materials and methods
Site description
The experiments were conducted at Fazenda Capivara, Embrapa Rice and Beans, located in Santo Antônio de Goiás, GO, at 16 ° 28'00 " S and 49 º 17'00 " W and 823 m of altitude. The climate is tropical savanna and considered Aw according to the Köppen classification. There are two welldefined, normally dry seasons from May to September (autumn/winter) and two rainy seasons from October to April (spring/summer). Temperature and rainfall data were monitored during the experiment (Fig. 1) .
The soil was classified as clay loam (kaolinitic and thermic Typic Haplorthox) acidic soil. Before the trials in October 2012 and October 2013, chemical analyses were performed at a depth of 0-0.20 m to characterize the experimental area (Table 1 ). The chemical analyses were performed according to the methodology proposed by Claessen (1997). The soil pH was determined in a 0.01 mol L -1 CaCl 2 suspension (1:2.5 soil/solution), and the exchangeable Ca, Mg, and Al were extracted with neutral 1 mol L -1 KCl in a 1:10 soil/solution ratio and determined by titration with a 0.025 mol L -1 NaOH solution. Phosphorus and exchangeable K were extracted with a Mehlich 1 extracting solution (0.05 M HCl in 0.0125 M H 2 SO 4 ). The extracts were calorimetrically analyzed for P, and flame photometry was used to analyze K. The base saturation values were calculated using the results of the exchangeable bases and total acidity at pH 7.0 (H + Al). Micronutrients were determined in the Mehlich 1 extract by atomic absorption, and the organic matter was determined by the method of Walkley and Black.
The experimental area has been cultivated in a no-tillage system (NTS) for three consecutive years, and soybean (Glycine max L.) was grown previously. A sprinkler irrigation system by a center pivot was used, and three crop coefficients (Kc) were divided into four periods between the emergence and harvest to manage the application of water. In the vegetative stage, a Kc value of 0.4 was used. For the reproductive phase, two values of Kc were used: 0.7 to 1.0 in the initial phase and the reverse of these values in the final phase of maturation, i.e., 1.0 to 0.7. Therefore, the control of irrigation respective of the depth of root system exploitation at 0.2 m was initiated with the available water capacity (AWC) at its maximum and successively subtracting the value of crop evapotranspiration until the total water reached the minimum limit of 40% of AWC (Doorenbos and Pruitt, 1976) .
Experimental design and treatments
Five independent experiments were performed in the same experimental area for two consecutive seasons (2012/13 and 2013/14) . The experiments were performed at three soil depths (2.5, 5.0 and 7.0 cm), four seeding densities (10, 20, 40 and 80 kg seeds ha -1 ), four rates of N topdressing fertilization (0, 30, 60 and 120 kg ha -1 of N), four rates of N foliar application (0, 1.5, 3.0 and 6.0 kg ha -1 ), four P 2 O 5 application rates (0, 50, 100 and 150 kg ha -1 of P 2 O 5 ) and four doses of foliar application of P 2 O 5 (0, 1.87, 3.75, 7.51 kg ha -1 of P 2 O 5 ). In all the experiments, we used two rice cultivars (L106R and INTA Puitá CL), which are potential lines R in the production system of hybrid rice. The experimental design was a randomized complete block design with four replications. The first four experiments were in split plot scheme, with cultivars in the main plots and the depth, density, N in soil or N foliar in the subplots. In the P experiment, the scheme was factorial, with two cultivars with P in the soil and P foliar. The plots had a dimension of 1.75 m (five rice rows) x 5 m long. The usable area of the subplots consisted of three central lines of rice, disregarding 0.50 m on each side. To control the depth and seeding density, we performed adjustments on the seeder used (Semeato, model Personale Drill 13, Passo Fundo, RS, Brazil). Fertilization with nitrogen in the soil and foliar and the application of phosphorous were performed at the time of panicle differentiation (cotton point). The application of the soil phosphorus was carried out at the time of sowing.
Crop management
The experiments were sown on December 1 st , 2012 and November 22 nd , 2013. The average emergence of rice seedling took place five days after sowing. The row spacing was 0.35 m, and the seeding rate, with the exception of the experiment involving different seed densities, was 80 viable seeds per meter. The fertilization was carried out based on soil analysis (Sousa and Lobato, 2003) . Therefore, at sowing, we applied 110 kg ha -1 of P 2 O 5 and 20 kg ha -1 of N, supplemented with an additional 60 kg ha -1 of N at topdressing 20 days after rice emergence from the crop. According to soil analysis, K was not needed. Cultural practices were performed according to standard recommendations for a rice crop to keep the area free from weeds, diseases and insects.
Evaluations of traits
To assess the time of flowering, the plots were observed daily. The full flowering date was defined as the time when 50% of the plants of the subplot had exposed panicles and were releasing pollen. The dates were converted into a number of degree-days (DD), from sowing to full flowering. For this conversion, we used the formula DD = average daily temperature -basal temperature, as the standard for calculation (McMaster and Wilhelm, 1997) . The basal temperature used for rice cultivation was 10 °C (Gao et al., 1992) .
Statistical analyses
The number of degree-days was evaluated using the analysis of variance. The model used for statistical analysis was the split plot for all experiments (factors were cultivars, N foliar rates, N rates on the soil, sowing density or soil depth and growing seasons), except for the P trial. In this experiment, the analysis was performed in a factorial design (factors were P rates on the soil, P foliar rates and growing seasons). Qualitative data were analyzed by comparing the means using LSD test, and statistical significance was defined as p ≤ 0.05. Quantitative data were analyzed by regression analysis. The statistical package SAS (SAS, 1999) was used for statistical analysis.
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Conclusions
Our study suggests that nitrogen fertilization applied to the soil or foliar at the time of panicle differentiation does not affect the time of flowering onset in the rice varieties INTA Puitá CL and L106R, which are potential R lines for the production of hybrid rice. Agronomic techniques that include varying the sowing depth, seeding rate and phosphate fertilization affect the time of flowering in line L106R, a potential R line for the production of hybrid rice. Such techniques constitute potential alternatives for use in production systems of hybrid rice seeds.
